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論文内容要約 
Chapter 1 The superalloy such as Ni-based and Co-based superalloy are widely used in aerospace, petroleum industry, 
chemical industry, and shipping industry because they possess high strength at elevated temperature, high resistance of 
oxidation and corrosion, good resistance of fatigue, and high stability at high temperature.  
The crystal structure of superalloy is typically face-centered cubic (fcc) austenitic and superalloys possess high 
temperature strength through solid solution strengthening or/and precipitation strengthening which introduces secondary phase 
precipitates, such as γ' phase and carbides, into fcc matrix. In the case of Ni-based superalloy the γ' phase has the chemical 
composition of NiR3R (Al, Ti) with the L1R2 Rstructure while in the Co-based superalloy the γ' phase has the chemical composition 
of CoR3R (Al, W) with the L1R2 Rstructure. The shape of γ' phase include spherical, cubic, and irregular shape defend on the 
chemical composition of the γ' phase and the process of the superalloy. The γ' phase provide the main strength of the superalloy 
especially at the elevated temperatures because the γ' phase have a high coherency with the γ matrix while the fine γ' phase can 
inhibit the motion of dislocation result in the strengthening. In general the way to enhance the superalloy mainly focus on the 
change of the γ' phase such as increasing the volume fraction of γ' phase, making the appropriate misfit between γ' phase and γ 
matrix, or/and adding the Nb, Mo, and W to change the chemical composition of γ' phase.  
However Chiba et al have found another important strengthening mechanism especially at elevated temperature, which 
is the strengthened by Suzuki effect, in Co−Ni-based alloy. The representative alloy is the SPRON alloy in which the 
dislocation was found to be locked caused by Suzuki segregation at high temperature. After that Koizumi et al have 
investigated the effect of Nb addition on the occurrence of Suzuki segregation while simulated the atoms segregation at 
stacking faults using phase field simulation method. The addition of Nb into Co−Ni-based alloy can enhance the Suzuki effect 
while the Cr, and Mo have been found to segregate at stacking fault ribbons during aging with prior cold deformation.  
This gives us one novel design concept to develop such an alloy which is strengthened simultaneously by the fine γ' 
phase and the Suzuki segregation, which is also the main objective of this study. 
Chapter 2 and 3 In order to get the two strengthening mechanisms in one alloy the following requirements have to been 
achieved. 
(1) The first one is the formation of γ' phase (NiR3R (Al, Ti)) in the alloy. In order to get the γ' phase the elements such as Ni, 
Al, and Ti must to be added in the alloy. 
(2) The second on is the formation of supersaturated solid solution of the solute atoms. So some refractory elements such as 
Mo, Cr, Nb need to be included in the chemical composition of this alloy. 
(3) The third on is the absence of the brittle σ phase. The formation of the brittle σ phase can severely decrease the plasticity 
of the alloy. The controlling of the formation of the brittle σ phase is decreasing the content of Cr which is the main 
formation element of the brittle σ phase. 
This novel alloy was designed based on the SPRON 510 alloy (Co−Ni−Cr−Mo) while the chemical composition was 
adjusted as following: 
The content of Ni is increased from 30 to 35 wt.% while the content of Nb is increased from 1.5 to 3 wt.%. In order to 
control the formation of the brittle σ phase the content of Cr is decreased from 21 to 17.5 wt.% while the content of Mo is 
decreased from 10 to 8 wt.%. 
The equilibrium phase diagram is calculated based on the above chemical composition using the Thermo-calc software 
with the data base Ni7. Based on the equilibrium phase diagram the content of Al is selected as 2 wt.% in order to get the γ' 
phase while avoid the formation of the brittle σ phase. 
An ingot of the investigated alloy was prepared by casting a mixture of the constituent elements using vacuum 
induction melting. The ingot was forged at 1170 °C into a bar with a diameter of 40 mm. The hot-forged bar was hot swaged 
into a round bar with a diameter of 13.3 mm and subjected to water quickening. A solution treatment was performed at 
1200 °C for 1 h. This was followed by cooling in Ar gas; the corresponding bar is labeled the ST bar. To probe the 
microstructure, the discs were cleaved by the EDM, ground using grinding paper, and polished using automatic lapping 
machine. The discs were subsequently etched in a solution of 45% sulfuric acid (HR2RSOR4R), 43% nitric acid (HNOR3R) and 12% 
phosphoric acid (HR3RPOR4R) at room temperature at a voltage of 6 V for 15 s. Microstructures were taken using the JEOL 
JSM-7500F field-emission scanning electron microscope (FESEM). Analyses of area fraction and diameter of the γ′ phase 
were carried out using the Image-J software package. X-ray diffraction was taken on the samples at several stages (AG, S20AG, 
and S66AG). Thin foils for TEM and STEM imaging were prepared by electrochemical polishing using a twin-jet polisher 
with a 10% HNOR3R methanol electrolyte at ~-50 °C. The specimens were then cleaned by an Ar ion sputter beam at 3 kV for 20 
min before the imaging. The H-shaped samples for the tensile tests were prepared by the electron-discharge machining (EDM) 
with the tensile direction parallel to the longitudinal axis of the rod. The length, thickness, and width of the gauge were set to 
11.0 mm, 1.0 mm, and 2.0 mm, respectively. The tensile tests were conducted using an INSTRON instrument at room 
temperature, 300 °C, 500 °C, 700 °C, and 800 °C, under an initial strain rate of 1.0 × 10P-3PsP-1P. The result shows the fine spherical 
γ' phase with the size of about 20-40 nm precipitated during cooling after solution treatment. The 0.2 % stress of the present 
alloy after solution treatment was higher than that of SPRON alloy at the test temperatures ranging from room temperature to 
800 °C. The enhanced strength of the present alloy was believed to be attributing to the strengthening of γ' phase via the 
shearing of γ' phase by dislocation. After that the heat treatment at 800 °C for 3 h was conducted in a muffle furnace and then 
cooled in air. The yield stress increased compared with that of solution treatment and the strength of the present alloy was 
similar with that of Inconel 713C alloy. 
Chapter 4 The γ' phase has been precipitated already, and in order to introduce the Suzuki segregation into the present alloy the 
prior cold deformation (cold-swage) followed by aging is conducted. The cold-swage from an initial diameter of 13.3 mm to 
12.0 mm, 10.2 mm, and 7.72 mm, with the area reduction rates being 20% (Corresponding bar labeled as S20), 40% (S40), 
and 66% (S66), respectively, are carried out ant then the heat treatment at 800 °C for 3 h was conducted in a muffle furnace and 
then cooled in air. The aged bar are labeled as AG, S20AG, S40AG, and S66AG bar, respectively. 
The microstructure is investigated using SEM, XRD, EPMA, TEM, STEM, and APT. The mechanical property is 
investigated while the stability of the γ' phase is examined. To investigate the coarsening behavior of the γ' phase at elevated 
temperatures, the discs with the thickness of ~2 mm was cut from the alloys of ST, S20, and S66 perpendicular to the longitude 
axis of the bar. The exposure tests were carried out at 800 °C in muffle furnace in atmospheric environment. The discs were 
took out from muffle furnace and cooled in air after exposure for a certain period of time. 
The <111> and <001> fiber texture formed owing to cold swage while the formation of stacking fault was observed 
after aging with the previous cold swage. Further investigation present Co, Cr, and Mo atoms segregated at the stacking fault 
ribbons using the APT, STEM-HAADF, and STEM-EDS analysis. Furthermore, the morphology of fine γ' phase was not 
changed obviously. The strengthening simultaneously by γ' phase and Suzuki segregation was achieved. 
For the present alloy the strength increase obviously owing to the strengthening simultaneously by γ' phase and Suzuki 
segregation was achieved. In the case of swaged 66 % with the heat treatment at the 800 °C for 3 hours the 0.2 % proof stresses 
is above 1600 MPa and 1200 MPa at room temperature and 700 °C which are higher than some traditional Ni-based 
superalloy such as TMW-4 alloy, In718 alloy, and U720Li alloy. 
Chapter 5 After exposure at 800 °C for long time the γ' phase coarsens slightly but still remain the spherical shape. The 
coarsening rate of γ' phase is smaller in the present alloy than in Waspalloy when it is evaluated using LSW model. 
Furthermore, the coarsening rate decreases further with the cold swage. This suggests the Suzuki segregation can influence the 
coarsening behavior of γ' phase. 
The interface diffusion control model, which is the diffusion of element cross the interface between γ' phase and γ 
matrix, is suit for the present alloy. The segregated solute atoms at stacking fault ribbons may slow down diffusion by reducing 
the magnitudes of concentration gradients, which gives rise to the superior stability of γ' phase. 
Furthermore, the precipitation of μ phase in the cold swage66% alloy during heat treatment decrease the inhibiting 
effect of Suzuki segregation on the coarsening of γ' phase because of enrichment of Mo in the μ phase.  
Chapter 6 Finally the effects of prior plastic deformations on the microstructural evolution of the investigated alloy when 
exposed to various temperatures have been investigated. Discs with a thickness of approximately 1 mm were cut perpendicular 
to longitudinal axis using an electron discharge machine (EDM). These discs were then exposed to temperatures of 800, 900, 
1000, and 1100 °C for various time and subsequently quenched in water. To investigate the microstructures, the quenched discs 
were ground using grinding paper and then polished using an automatic lapping machine.  
The time-temperature transformation (TTT) diagram of the μ-phase (ST, S20, S40, and S66) was potted on the basis of 
the microstructural and EPMA, EDX, and TEM analysis results. The effects of prior plastic deformations on the precipitation 
behavior of the μ-phase are discussed in detail. 
The results show that the μ-phase was the main precipitate in all the specimens after exposure at the temperatures lower 
than 900 °C, while only MC-type carbide precipitated after exposure at temperatures greater than 1000 °C. The μ-phase was 
confirmed as being a Mo-rich precipitate. Further, two types of μ-phases, a needle-type phase and a blocky phase, were 
observed in all the specimens. 
The prior plastic deformations promoted the precipitation of the μ-phase via the Suzuki segregation, which occurred 
during aging after the plastic deformations. The solutes Mo, Co, and Cr, which segregated at the stacking fault ribbons, acted as 
nucleation sites for the μ-phase. The number of nucleation sites increased with time at temperatures lower than 900 °C. 
However, we found no evidence indicating that the precipitation of the MC-type carbide was affected by the prior plastic 
deformations in the case of the specimens exposed at 1000 and 1100 °C. 
Conclusions In summary one novel Ni−Co-based superalloy is developed which is strengthened simultaneously by γ' phase 
and Suzuki segregation while the coarsening of γ' phase is slowed down by Suzuki segregation in this study. 
 
